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ATOMIC FORCE MICROSCOPE TECHNIQUEL
FOR MINIMAL TIP DAMAGE

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of the present invention generally relate to a
method of using an atomic force microscope (AFM), and
more particularly to a method of determining a feedback
setpoint value for use 1n operating the AFM.

2. Description of the Related Art

The surface roughness and morphology of gate dielectrics
and other semiconductor thin films are critical properties that
need to be controlled to ensure integrated circuit device integ-
rity and reliability. These properties can be measured by an
atomic force microscope (AFM) operated 1n dynamic mode.
In dynamic mode operation the AFM tip 1s oscillated near the
cantilever resonance frequency with the oscillating amplitude
and phase momtored by a detection mechanism and AFM
clectronics.

Asthe AFM tip gradually approaches the sample surface, 1t
will first enter a van der Waal force field (the so called non-
contact attractive force interaction regime) or other attractive
force fields, such as magnetic, capacitive, electric, friction,
lateral, and capillary (mediated by a condensing vapor such as
water) fields. Because the van der Waal force field 1s the most
prevalent one, the discussion of the invention will be prima-
rily focused on this force field, even though the invention can
also be applied to other attractive force fields. Due to the
attractive force field, the oscillating amplitude will monotoni-
cally decrease, and the phase signal will also monotonmically
decrease (or increase, depending on the implementation with
different phase detection electronics) with decreasing tip-to-
sample distance. Further decrease of the tip-to-sample dis-
tance will cause intermittent hard contact between the tip and
the sample surface along with an abrupt and sharp reversal of
the phase signal.

In practical roughness measurements and morphology
imaging by an AFM tool, the amplitude decrease or phase
change (increase or decrease) due to tip-to-sample force field
interaction will be maintained at a constant value by a feed-
back control mechanism, and a mechanical apparatus will
scan the tip laterally and simultaneously move the tip up and
down to follow the contour of the sample topography. During
AFM operation, the feedback electronics will be provided
with an amplitude reference signal or a phase reference signal
termed the feedback setpoint, and the feedback mechanmism
will try to maintain the actual tip oscillating amplitude or
phase the same as the feedback setpoint. It 1s desirable to
operate this constant feedback setpoint at a value such that a
pure non-contact attractive interaction between the tip and the
sample 1s ensured, thus preventing the AFM tip from even
momentarily making hard contact with the sample surface.
Such hard contact usually causes AFM tip damage and the
loss of accuracy and precision. Therefore, a critical feedback
setpoint where the onset of hard contact occurs should be
determined precisely, and the AFM will typically be operated
at an amplitude setpoint that 1s above this critical setpoint—or
a phase setpoint that occurs before this critical setpoint
whether above or below—to ensure non-contact attractive
interaction between the tip and the sample.

The traditional method for determining this critical feed-
back setpoint dividing the attractive force interaction regime
and the repulsive force interaction regime 1s to approach and
retract the AFM tip towards and away from the sample surface
repeatedly with the feedback mechanism being turned oiff
while monitoring the amplitude and phase signals of the AFM

10

15

20

25

30

35

40

45

50

55

60

65

2

cantilever vibration. When the amplitude feedback scheme 1s
to be employed during subsequent AFM operation, the criti-
cal feedback setpoint 1s determined by the small deviation 1n
the monotonic relationship between the amplitude decrease
and tip-to-sample distance decrease. However, 1n this mea-
surement, the tip 1s repeatedly rammed 1nto the sample sur-
face with no control at all and the tip will certainly be dam-
aged during the measurement. Due to tip damage, the critical
setpoint measured may be grossly 1inaccurate.

Accordingly, what 1s needed 1s a method of determining the
critical feedback setpoint value without damaging the probe
tip and employing an appropriate feedback setpoint value
above the critical value during AFM scanning with an ampli-
tude feedback scheme to remain 1n non-contact mode.

SUMMARY OF THE INVENTION

One embodiment of the mvention provides a method of
automatically detecting a setpoint useful 1n controlling a tip-
to-sample distance of an atomic force microscope (AFM).
The method generally consists of modulating the tip-to-
sample distance of the AFM by adjusting a setpoint of a
teedback mechanism of the AFM, monitoring a detector sig-
nal provided by a detector mechanism 1n order to detect an
event indicative of an abrupt change or an approaching abrupt
change 1n the detector signal, and using a setpoint corre-
sponding to the detected event to subsequently control the

AFM.

Another embodiment of the invention provides a method of
automatically detecting a setpoint usetul 1n controlling a tip-
to-sample distance of an atomic force microscope (AFM).
The method generally consists of adjusting a tip of the AFM
relative to a sample to establish an 1nitial tip-to-sample dis-
tance, enabling a feedback mechanism, reducing an ampli-
tude setpoint of the feedback mechanism, thereby causing a
reduction of the tip-to-sample distance, monitoring at least a
phase signal provided by a detector, repeating the previous
two steps until an abrupt change or approaching abrupt
change in the phase signal provided by the detector is
detected, and recording an amplitude setpoint corresponding
to the detected change 1n the phase signal for subsequent use
in operating the AFM.

Another embodiment of the mmvention provides for an
atomic force microscope apparatus. The apparatus generally
includes a probe having a probe tip mounted on a cantilever,
a detector mechanism responding to movement of the probe
tip, a feedback mechanism providing a feedback signal, and
control logic. The control logic 1s configured to automatically
detect a setpoint useful 1n controlling a tip-to-sample distance
between the probe tip and a sample by modulating the tip-to-
sample distance of the AFM apparatus by adjusting a setpoint
of a feedback mechanism of the AFM apparatus, monitoring
a detector s1ignal provided by the detector mechanism 1n order
to detect an event indicative ol an abrupt change or an
approaching abrupt change in the detector signal, and using a
setpoint corresponding to the detected event to subsequently
control the AFM apparatus.

Another embodiment of the invention provides for a com-
puter-readable medium containing a program for automati-
cally detecting a setpoint for use 1n operating an atomic force
microscope. When the program 1s executed by a processor, 1t
performs operations such as modulating the tip-to-sample
distance of the AFM by adjusting a setpoint of a feedback
mechanism of the AFM, monitoring a detector signal pro-
vided by the detector mechanism 1n order to detect an event
indicative of an abrupt change or an approaching abrupt
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change 1n a detector signal, and using a setpoint correspond-
ing to the detected event to subsequently control the AFM.

BRIEF DESCRIPTION OF THE DRAWINGS

This 1nvention and some of its advantages can be better
understood by reference to the following detailed description,
considered 1n connection with the accompanying drawings,
wherein:

FIG. 1 1s a simplified functional block diagram of an
atomic force microscope mncluding a probe/sample position-
ing apparatus and a feedback system using an amplitude
teedback setpoint 1n accordance with one embodiment of the
present invention;

FI1G. 2a 1s a graph, obtained by traditional methods, of tip
rms amplitude vs. tip-to-sample distance in nanometers dur-
ing tip approach to a surface illustrating a monotonic decrease
in amplitude with decreasing tip-to-sample distance until
intermittent hard contact between the tip and the sample
surface occurs;

FIG. 2b 1s a graph, obtained by traditional methods, of
phase 1n degrees vs. tip-to-sample distance 1n nanometers
during tip approach to a surface illustrating a monotonic
change in phase with decreasing tip-to-sample distance until
intermittent hard contact between the tip and the sample
surface occurs coinciding with an abrupt change 1n phase;

FIG. 3 1s a representative inter-molecular force curve 1llus-
trating a shift from an attraction regime to a repulsion regime
with decreasing distance between molecules;

FIG. 4 1s a flow chart depicting the determination of a
teedback setpoint using the atomic force microscope while
monitoring a phase signal according to one embodiment of
the present invention;

FIG. 5 1s a graph of phase in degrees vs. an amplitude
teedback setpoint in nanometers for a specific tip/sample
combination at a particular free oscillation amplitude accord-
ing to one embodiment of the present invention;

FIG. 6 1s a graph of phase 1n degrees vs. the amplitude
teedback setpoint 1n nanometers for three new tips as deter-
mined by one embodiment of the present invention, 1llustrat-
ing how tips of the same type yield nearly the same critical
teedback setpoint value, all other variables being the same;

FIG. 7 1s a graph of phase 1n degrees vs. amplitude feed-
back setpoint in nanometers for the same tip/sample combi-
nation as FIG. 5, but with a different free oscillation ampli-
tude; and

FIG. 8 1s a flow chart depicting the generation of a lookup
table comprising critical feedback setpoint values as a func-
tion of free oscillation amplitude.

DETAILED DESCRIPTION

The present invention provides a means to determine and
use a critical feedback setpoint with an atomic force micro-
scope (AFM) 1n an effort to avoid tip damage and remain 1n
non-contact attractive mode during use.

An Exemplary AFM System

FIG. 1 1s a simplified functional block diagram of an
atomic force microscope 100 for dynamic mode operation
including a probe/sample positioning apparatus and a feed-
back system using an amplitude feedback setpoint 140 in
accordance with one embodiment of the present invention. A
phase feedback setpoint (not shown) may be employed in
other embodiments of the invention, although this description
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4

will focus primarily on an amplitude feedback setpoint 140 to
maintain consistency and avoid confusion.

A probe tip 102 on the end of a cantilever 104 may be
oscillated at a known free oscillation amplitude and fre-
quency near the cantilever resonant frequency by a tip oscil-
lator 106. The cantilever resonant frequency may be around
300 kHz, and therefore, the tip 102 may be oscillated at a free
oscillation frequency of 300.125 kHz during dynamic mode
operation. For some embodiments, a tip oscillator control 146
may be programmed with the desired free oscillation ampli-
tude and frequency, or the tip oscillation may be controlled
directly by a processor 118.

The amplitude of the tip oscillation may be sensed by a
deflection detector 108, possibly via optical perturbations, as
part of a deflection mechanism (not shown 1n 1ts entirety). For
optical detlections, the deflection mechanism may comprise
any suitable means of light generation, such as a laser or LED
light, in an effort to bounce the light off the back of the
cantilever. The deflection detector 108 for detecting this
deflected light may be a position-sensitive light detector or a
laser interferometer.

As previously described, as the AFM tip approaches the
sample surface, it will first enter a van der Waal force field (the
so called non-contact attractive force interaction regime) or
other attractive force fields, such as magnetic, capacitive,
electric, friction, lateral, and capillary (mediated by a con-
densing vapor such as water) fields. For some embodiments,
the deflection detector 108 may comprise a piezo resistance
Sensor, a capacitive sensor, or a magnetic sensor, for example,
thereby providing a corresponding feedback signal indicative
of the particular type of attractive force being sensed. In either
case, the deflection detector 108 may convert the deflection
signals 1nto electrical signals for further processing and
recording.

Calibration of such electrical signals to vibration ampli-
tudes 1s known to those skilled 1n the art of operating atomic
force microscopes. One method mvolves performing the
steps of the traditional method for plotting an amplitude ver-
sus tip-to-sample distance curve as described above with a
different test tip, but one of the same type as the tip that will
actually be used for determining the critical feedback setpoint
in embodiments of the present invention. Another method
involves using tapping mode, whereby the probe tip 102 1s
vibrated with a free space amplitude of 20 nm or higher, 1n an
clfort to get better resolution during calibration.

No matter what type of deflection mechanism 1s used,
when the tip 102 1s suificiently far away from a surface 110 of
a sample 112, it may continue to oscillate at the free oscilla-
tion amplitude, but when 1t 1s brought nearer to the surface
110, Van der Waal forces—or other attractive forces such as
clectrical, capacitive, magnetic, or capillary—may dampen
the oscillation and cause the amplitude to decrease. Electron-
ics (e.g. an rms detector 114 and a phase detector 116) may
measure the amplitude and phase response of the sensed tip
deflections. In FIG. 1 the detected phase 1s sent directly to the
processor 118. For some embodiments, the phase detector
116 may also measure the phase of the free oscillation and
output a phase difference, or both the detected signal phase
and the free oscillation signal phase may be sent to the pro-
cessor 118. The rms detector 114 may convert the detected
signal amplitude mto a DC voltage that may be sent to the
processor 118. This converted amplitude may also then be
used as a feedback signal 138, an mput to a feedback mecha-
nism 120 for a portion of the probe/sample positioning appa-
ratus.

The probe/sample positioning apparatus may comprise an
Xy scan control 122, a z translation control 124, an Xy scanner
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126, a z scanner 128, an xyz motor control 130, and a sample
stage 132. Combinations of these may move either a probe
assembly 134 or the sample 112, whereby the probe assembly
134 may comprise at a minimum the cantilever 104, the tip
102, the tip oscillator 106, and the deflection detector 108. For
some embodiments, the xyz motor control 130 may be
capable of moving the sample stage 132 along all three axes,
thereby providing xy scanning and a coarse adjustment
mechanism for z-travel of the sample 112, which normally 1s
disposed atop the sample stage 132 during use of the AFM
100. The xy scan control 122 may regulate the lateral move-
ment of the probe assembly 134 in the xy plane during scan-
ning or any other time it 1s necessary to move the probe
assembly 134 laterally and may send instructions to the xy
scanner 126 for actual motion. The z translation control 124
may direct the movement of the probe assembly 134 up and
down 1n relation to the surface 110 based on the feedback
signal 138 and a feedback setpoint 140 labeled “SET” in FIG.
1. Fine adjustment of the probe height i1s provided by the z
scanner 128, which receives commands from the z translation
control 124. The fine adjustment mechanism of the z scanner
128 may comprise a piezo stack or piezo tube.

The processor 118 may monitor and/or control the xy scan
control 122, the z translation control 124, the detected phase
or phase difference from the phase detector 116, the detected
rms amplitude from the rms detector 114, and a setpoint
control 144. For some embodiments, the processor 118 may
output the elements necessary for a topographic 1image (or
surface roughness measurement), phase 1imaging, phase vs.
setpoint graphing, phase vs. tip-to-sample distance graphing
(z translation control signal), rms amplitude vs. tip-to-sample
distance graphing (z-translation control signal), or phase vs.
setpoint graphing to a display 136 and/or storage device (not
shown). As mentioned above, either the xy scanner 126 or the
xyz motor control 130 can be operated 1n an effort to control
scanning movement of the probe 134 or the sample stage 132,
respectively, 1n the xy axes during AFM 1maging.

In the amplitude feedback setpoint scheme of FIG. 1, turn-
ing the feedback mechanism 120 on allows for closed loop
control of the AFM. The feedback mechanism 120 may send
a signal to the z translation control 1n an effort to keep the
teedback setpoint 140 and the feedback signal 138 at the same
value, thereby operating the AFM 100 1n constant force mode.
Those skilled 1n the art of atomic force microscopy will
appreciate that in constant force mode, or height mode as 1t
sometimes referred to, the probe/sample positioning appara-
tus which moves the probe assembly 134 or sample 112 up
and down can respond to any changes in force detected
between the tip 102 and the sample 112. The positioning
apparatus may then alter the tip-to-sample distance to restore
the force to a predetermined value, the feedback setpoint 140.
IT a proper feedback setpoint 140 1s selected corresponding to
a correctly determined critical feedback setpoint value for a
given type of probe tip 102, then the atomic force microscope
100 will operate in the non-contact attractive regime and
avold tip damage while 1maging a surface. As mentioned
previously, some embodiments of the invention may use a
phase feedback setpoint instead.

For some embodiments of the present invention, the pro-
cessor 118 and the setpoint control 144 may be configured
(e.g. through executable software) to automatically deter-
mine the critical feedback setpoint value as described below
by monitoring the phase signal from the phase detector 116
and inspecting the signal for sudden or impending abrupt
changes as the feedback setpoint 140 1s swept. Once the
critical value has been determined, the desired feedback set-
point value to maintain non-contact interaction may be stored
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in 1nternal memory of the setpoint control 144 or 1n an exter-
nal memory location (not shown), or 1t may be programmed
as an 1nput to the AFM 100.

The overall AFM 100 may employ a vibration i1solation
mechanism (not shown). This mechanism may serve to 1so-
late the AFM 100 from external vibration and acoustic noise
during operation or critical feedback setpoint value determi-
nation.

FIG. 2a shows a conventional graph 200 of the AFM tip
vibration amplitude versus tip-to-sample distance obtained
by traditional methods. In the 1llustrated example, 1t can be
seen that the tip amplitude starts to decrease at 3.4 nm signal-
ing the beginning of the van der Waal interaction, and a small
deviation from the monotonic decreasing relationship occurs
at the tip amplitude 0.4 nm. The arrow 202 1n FIG. 2a points
to the location where hard contact between the tip and the
sample supposedly starts to occur. Therefore, the non-contact
attractive interaction regime 1s considered to range from 3.4
nm to 0.4 nm and from this it might be assumed that the initial
88% ((3.4 nm-0.4 nm)/3.4 nm) of the amplitude reduction 1s
caused by non-contact attractive interaction. However, this 1s
an erroneous assumption, which may be primarily caused by
tip damage during the determination of the critical feedback
setpoint using a traditional method.

Since the phase signal 1s typically also being monitored
during AFM measurements, a sharp reversal in phase can also
be used to determine the onset of intermittent hard contact
between the tip and the sample 1n the traditional manner. FIG.
2b1llustrates the phase versus tip-to-sample distance relation-
ship 210, and again, the arrow 212 1n the figure points to
where the onset of hard contact between the tip and the
sample 1s erroneously thought to occur.

Explanation of Inter-Molecular Forces

To aid 1n understanding why this phase reversal occurs,
FIG. 3 1s a representative mter-molecular force curve 1llus-
trating a shift from an attraction regime to a repulsion regime
with decreasing distance between molecules. The tip-to-
sample van der Waal force 1s generally modeled by the inter-
action of a sphere with radius R (the radius of curvature of the
AFM tip) with a plane of infinite extension. The equation 1s

Fqw=—H*R/(6*2,) (1)

where F_ ;- 1s the van der Waal force 1n newtons, H 1s the
Hamaker constant in joules, and z_ 1s the tip-to-sample dis-
tance 1n meters when the tip 1s at 1ts rest equilibrium position.

Using a point mass hanging on a mass-less spring model,

the equation of motion of the AFM tip under the influence of
the van der Waal force field 1s

m*dz/dr+m* o /O ¥ (dz/dD)+k ¥z =F ;A4 F_*cos(w*1) (2)
where m 1s the equivalent mass i kilograms, z 1s the tip
position 1n meters relative to 1ts equilibrium tip-to-sample
position z_, t 1s the time 1n seconds, QQ 1s the unitless quality
factor of the spring, k 1s the force constant of the spring 1n
newtons per meter, F_ 1s the amplitude of external oscillation
force in newtons, m_ 1s the angular resonance frequency of the
spring 1n radians per second, and m 1s the angular frequency of
the external oscillation force 1n radians per second. At small
tip oscillation amplitudes,

deW:ijdPP;(ZD)*Z (3)
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where F_ ,;;/(z ) 1s the derivative of the van der Waal force at
the equilibrium tip-to-sample position z_ in newtons. Based
on equation (1),

Foqmiz,)=H*R/(3%2,°) (4)
The force derivative F_ ./ increases monotonically as tip-to-
sample distance (z_) 1s decreased.

The phase change as a function of tip-to-sample distance
can be shown to be

¢(z,)=arctan[w*o (@, ~0"~F, z7/(z,)] (3)
In a free space far away from the van der Waal force field, the
force dervative term F,_ ;) term will be zero. Because o 1s
very closeto m_, ¢ will be close to 90° 1n free space. As the tip
moves 1nto the van der Waal force field, the F_ ;) term will no
longer be zero; the closer the tip gets to the surface, the larger
the F .,/ term and hence the larger the phase shift (¢). Insome
implementations of AFM, the phase detection circuit shiits
the free space ¢ to another value such as 0° and also dictates
that ¢ becomes smaller as the tip comes closer to the sample
surface.

If the tip oscillation amplitude 1s large, the above simplified
approach can no longer be used. Also, the treatment of the tip
and sample interaction in the mtermittent contact regime 1s
complicated by the nonlinear nature of the interaction. There-
fore, a numerical solution 1s often used. The numerical solu-
tion shows that as the tip enters the van der Waal force field,
the phase signal changes monotonically with the continuous
decrease of tip-to-sample distance. Once the intermittent con-
tact between the tip and sample starts, a sudden reversal of the
phase will happen [Reference: R. Garcia and A. San Paulo,
Phys. Rev. B. 60, 4961-4966 (1999)].

No matter whether amplitude or phase 1s being used to
determine a critical feedback setpoint, traditional methods all
have the great disadvantage of causing tip damage during the
uncontrolled approach and withdraw of the AFM probe tip
102. Once the tip 102 1s damaged, the critical feedback set-
point value determined will no longer be accurate for fresh,
undamaged tips.

Automatic Setpoint Determination

FI1G. 4 15 a flow chart 400 depicting the automatic determi-
nation of the critical feedback setpoint using the atomic force
microscope 100 while monitoring a phase signal according to
one embodiment of the present mvention. The operations
described herein may be performed, for example, by the
processor 118 and setpoint control 144 as part of a calibration
routine for a given tip/sample combination.

In step 402, a tip approach operation 1s performed. As part
of the tip approach operation, the AFM probe tip 102 may be
brought closer to the sample surface 110 with feedback
mechanism 120 turned oif, but the tip 102 should be kept
outside of the van der Waal force field, far enough away that
it 1s oscillating at the free oscillation amplitude and fre-
quency. For some embodiments, the tip approach operation
may involve physically moving the tip 102 closer to the
sample 112, and other embodiments may involve moving the
sample 112 instead. There are at least two methods of per-
forming the tip approach operation.

The preferred tip approach method may ensure that the tip
102 stops at the fringe of the van der Waal force field and
avolds tip damage. To avoid the tip 102 crashing onto the
surface 110 of the sample 112, the detector amplitude or
phase signal may be monitored during this method of tip
approach. The approach should be stopped at a tip-to-sample
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distance where there 1s an abrupt reduction 1n tip amplitude or
an abrupt phase change as a function of tip-to sample dis-
tance. Such abrupt changes may be more easily detected by
differentiating the amplitude or phase signal. At the end of
this tip approach method, the fine approach mechanism (e.g.
the z scanner 128) should be at the center of its motion range.

In another tip approach method, the initial coarse approach
may be performed by simply setting the amplitude reduction
target to an arbitrary low value (e.g. 10%). This 1nitial ampli-
tude reduction may be analogous to a similar reduction
mainly caused by a phenomenon known as air foil damping.
The air fo1l 1s a layer of air between a bottom surface of the
cantilever 104 and the sample surface 110. The vibrating
cantilever 104 may transier energy to the air foil through the
compression and expansion of the air trapped between the
two surtaces. This eflect, called air fo1l damping, can serve to
reduce the amplitude of the vibrating cantilever 104. Air foi1l
damping may have a longer range and a more gradual effect
on the vibrating cantilever 104 than the van der Waal forces
and other non-contact attractive forces as a function of tip-to-
sample distance.

The feedback mechamism 120 is turned on 1n step 404. In
step 406, the tip-to-sample distance may be adjusted slightly
by adjusting the feedback setpoint 140. Typically, a reduction
in the feedback setpoint 140 will reduce the tip-to-sample
distance. The phase of the tip oscillation as detected by the
phase detector 116 may be monitored in step 408. For some
embodiments, the phase of interest may be the phase differ-
ence between the requested free oscillation amplitude signal
input to the tip oscillator 106 and the oscillation at the end of
the probe tip 102 as detected by the deflection detector 108.
The feedback setpoint 140 and the measured phase from the
phase detector 116 may be recorded for each setpoint. If there
1s a sudden or approaching sudden change in phase (as deter-
mined at step 410), then the critical feedback setpoint value 1s
the value where the sudden phase change (or approaching
change) occurred. For some embodiments, the phase signal
may be differentiated as a function of the setpoint or tip-to-
sample distance, and 1n this case, the differentiated function
may be monitored for discontinuities typically accompanied
with changes in polarity. In either case, the sudden changes
may be indicative of a switch from a pure attractive interac-
tion to a somewhat repulsive interaction as explained above.
If the phase change of step 410 did not occur, then the process
may be repeated beginning with step 406 until a critical
feedback setpoint value 1s determined.

There may also be the possibility that the abrupt change of
phase with tip-to-sample distance decrease will not be
observed for certain combinations of tip material and sample
material. Instead, a gradual reversal may be detected, which
typically occurs when a small free oscillation amplitude (e.g.
4.4 nm) 1s used. In such cases, the invention can unambigu-
ously detect such behavior, and the critical setpoint can be set
near the turning point of the gradual reversal. In other cases,
a predetermined threshold may be reached defining the maxi-
mum allowable phase difference as measured by the phase
detector 116 (1.e. the difference in phase between the oscilla-
tion at the end of the probe tip 102 as detected by the deflec-
tion detector 108 and the requested free oscillation amplitude
signal input to the tip oscillator 106). For some embodiments,
this phase difference threshold may be set to 45°, while other
embodiments may use a threshold closer to 90° depending on
the tip/sample combination.

There may also be the possibility that the van der Waal
force field range will be outside the z-travel range of the fine
approach mechanism (e.g. the z scanner 128). In this case, the
coarse tip approach may be performed as described above
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tollowed by moving the tip 102 further towards the sample
surface 110 by about half the range of the fine approach
mechanism. Repeat steps 404 to 410 to determine the critical
teedback setpoint value. I the expected abrupt change 1s still
not observed, the tip 102 can be repeatedly moved closer to
the sample surface 110 by incremental distances of half the
range of the fine approach mechanism, and steps 404 and 410
can be repeated until the critical setpoint value 1s determined.

At step 412, the AFM may be operated using a feedback
setpoint 140 corresponding to this critical feedback setpoint
value and normally higher than the critical value. For some
embodiments, the tip 102 may be raised from the tip-to-
sample distance corresponding to the critical setpoint to mini-
mize damage, but even 11 the tip 102 1s slightly damaged, the
critical feedback setpoint value 1s still valid since the damage
happened right at the onset of intermittent contact. Once the
critical setpoint has been determined for a certain AFM tip/
sample combination and AFM operating condition (mainly
the 1n1tial free oscillation amplitude), 1t can be applied to the
same type ol tip/sample combination and the same AFM
operating conditions.

FIG. 5 1s a graph 500 of phase in degrees vs. feedback
setpoint 1n nanometers illustrating the details and result of
running the process steps of FIG. 4 for a specific tip/sample
combination at a particular free oscillation amplitude accord-
ing to one embodiment of the present invention. The graph
500 was obtained using a new Si probe tip above the surface
of a S1 water operated with a free oscillation amplitude of 4.4
nm. The onset of Van der Waal forces occurred at 3.6 nm.
From the label “tip approach direction,” one can tell that the
detected tip oscillation amplitude decreases as the tip-to-
sample distance decreases. The sharp phase reversal in F1G. 5
occurs at 3.0 nm, and this i1s the critical feedback setpoint
value for this tip/sample combination at the specific free
oscillation amplitude. The feedback setpoint for operating the
AFM 100 may be chosen anywhere within the non-contact
range (3.0 nm to 3.6 nm).

Since the sample composition, local charge, and other
anomalies can aflect the value of the critical feedback set-
point, a data set may be collected over a plurality of sample
surface coordinates, and then the proper critical feedback
setpoint value may be determined. For instance, the critical
value may be selected as the maximum value of such a data set
to further ensure that the probe tip 102 will not make inter-
mittent hard contact across the entire sample surface 110.
This recording of amplitude vs. phase curves from the plu-
rality of sample surface coordinates can be used as a method
to map sample surface properties such as detecting anoma-
lously strong interactions between the tip and sample surface
caused by locally stored charge. Other interesting informa-
tion may be observed and collected regarding the correlations
between the critical feedback setpoint value, the type of tip,
the type of sample, the charge distribution of the sample
surface, and the free oscillation amplitude.

The accurately determined critical feedback setpoint value
may be valid for different AFM probe tips of the same type.
FIG. 61s a graph 600 of phase in degrees vs. feedback setpoint
in nanometers for three new tips as determined by one
embodiment of the present mvention. For a specific tip/
sample combination and free oscillation amplitude of one
experiment, the exact critical feedback setpoints are 2.96 nm,
3.00 nm, and 2.93 nm for tips 1-3, respectively. If we consider
the critical feedback setpoint to be 3.00 nm, then only the first
13% ((3.44 nm-3.00 nm)/3.44 nm) of tip amplitude decrease
from 3.44 nm 1s attributable to non-contact attractive interac-
tion between the tip and sample surface. The operating feed-
back setpoint should then be between 3.44 nm and 3.00 nm, a
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much narrower range than the 0.4 nm to 3.4 nm obtained by
the traditional method with the same tip/sample combination.

Automatic Setpoint Determination for Different Free
Oscillation Amplitudes

Different free oscillation amplitudes of the AFM probe tip
102 can vield different critical setpoint values. Proof of this
can be seen by comparing FIG. 5 to FIG. 7 where the tip
oscillator 106 was operated with different free oscillation
amplitudes of 4.4 nm and 7.3 nm, respectively. Even though
the tip/sample combination was of the same type (new S1 tip
above a Si1 waler), the resulting critical feedback setpoint
values were different (3.0 nm versus 6.0 nm).

Since different free oscillation amplitudes and, to a lesser
extent, frequencies can yield different critical feedback set-
point values, it may be desirable to create a table of critical
teedback setpoint values for different free oscillation ampli-
tudes and/or frequencies for a given tip/sample combination.
This may be done as a calibration step prior to shipping the
AFM and may mvolve different tips, different samples, and
different oscillation amplitudes or frequencies that a given
customer may expect to use. In this manner, an AFM may be
shipped ready for use with different probe tips without requir-
ing additional calibration.

FIG. 8 15 a flow chart 800 depicting the generation of such
a lookup table comprising critical feedback setpoints as a
function of free oscillation amplitude. Given a list of free
oscillation amplitudes that might be used with a given tip/
sample combination, the AFM tip oscillator 106 may be oper-
ated with a selected free oscillation amplitude from the list
(step 802). At step 804, the critical feedback setpoint value
may be determined (as described above with reterence to FIG.
4) while continuing to oscillate the tip 102 with the selected
free oscillation amplitude. The resulting critical feedback
setpoint value may be stored 1n a lookup table (step 806)
corresponding to the free oscillation amplitude used. As long
as there are more Iree oscillation amplitudes 1n the list, the
process may be repeated from step 802.

Once all of the critical feedback setpoint values have been
determined for all of the free oscillation amplitudes of 1nter-
est, the lookup table has been completed, and the routine can
be exited. The AFM may then be operated with different tips,
with the setpoint for a particular tip (e.g., specified by a user)
retrieved from the table.

Damaged Probe Tip Detection

Since a probe tip should repeatedly yield the same critical
teedback setpoint value for a given free oscillation amplitude,
frequency, and sample surface location, a calibration history
of critical feedback setpoint values may be chronicled for a
given probe tip. Damaged tips may vyield a substantially dii-
terent critical feedback setpoint value from fresh or undam-
aged tips by over 2 nm according to experiments with
embodiments of the invention. Therefore, when a determina-
tion of the critical feedback setpoint deviates substantially
from the recorded calibration history, damage to the tip may
be suspected, and the tip should be replaced.

A reference sample surface with one or more reference
locations may be used to determine a critical feedback set-
point value according to methods described above using the
same iree oscillation amplitude and frequency every time.
This repeatable verification method may be performed at any
time interval deemed necessary by the operator to assure
quality AFM operation or when tip damage 1s suspected.
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Furthermore, since a certain type of probe tip should yield
approximately the same critical feedback setpoint value, a
probe tip that deviated significantly from a calibration history
ol a probe tip of the same type may be detected as being
damaged, as well, provided that the same AFM, reference
sample, reference surface locations, and free oscillation
amplitude and frequency were being used.

While the foregoing 1s directed to embodiments of the
present mmvention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereof, and the scope thereof 1s determined by the
claims that follow.

The mventioned claimed 1s:

1. A method of automatically detecting a setpoint usetul 1n
controlling a tip-to-sample distance of an atomic force micro-
scope (AFM), comprising:

a) adjusting a tip of the AFM relative to a sample to estab-

lish an 1mitial tip-to-sample distance;

b) enabling a feedback mechanism;

¢) reducing an amplitude setpoint of the feedback mecha-
nism, thereby causing a reduction of the tip-to-sample
distance:

d) monitoring at least a phase signal provided by a detector;

¢) repeating steps c¢)-d) until at least one of: an abrupt
change or approaching abrupt change in the phase signal
provided by the detector 1s detected;

) recording an amplitude setpoint corresponding to the
detected change 1in the phase signal for subsequent use 1n
operating the AFM; and

g) repeating steps a)-1) using different AFM probe tips to
generate a table of setpoints usetul in controlling a tip-
to-sample distance of an atomic force microscope
(AFM) using the different probe tips.

2. The method of claim 1, wherein the method 1s performed
as part ol a factory calibration routine prior to shipping the
AFM to a customer.

3. A method of automatically detecting a setpoint useful in
controlling a tip-to-sample distance of an atomic force micro-
scope (AFM), comprising:

a) adjusting a tip of the AFM relative to a sample to estab-

lish an 1nitial tip-to-sample distance;

b) enabling a feedback mechanism:;

¢) reducing an amplitude setpoint of the feedback mecha-
nism, thereby causing a reduction of the tip-to-sample
distance;

d) monitoring at least a phase signal provided by a detector;

¢) repeating steps c¢)-d) until at least one of: an abrupt
change or approaching abrupt change in the phase signal
provided by the detector 1s detected;

) recording an amplitude setpoint corresponding to the

detected change in the phase signal for subsequent use 1n
operating the AFM; and
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g) repeating steps a)-1) using different samples to generate
a table of setpoints useful i controlling a tip-to-sample
distance of an atomic force microscope (AFM) using the
different samples.

4. A method of automatically detecting a setpoint useful 1n
controlling a tip-to-sample distance of an atomic force micro-
scope (AFM), comprising:

a) adjusting a tip of the AFM relative to a sample to estab-

lish an 1itial tip-to-sample distance;

b) enabling a feedback mechanism:;

¢) reducing an amplitude setpoint of the feedback mecha-

nism, thereby causing a reduction of the tip-to-sample
distance;

d) monitoring at least a phase signal provided by a detector;

¢) repeating steps c¢)-d) until at least one of: an abrupt
change or approaching abrupt change in the Phase signal
provided by the detector 1s detected;

) recording an amplitude setpoint corresponding to the
detected change in the phase signal for subsequent use 1n
operating the AFM; and

g) periodically repeating steps a)-1) to generate a calibra-
tion history of recorded amplitude setpoints, wherein a
recorded amplitude setpoint that differs substantially
from the calibration history of recorded setpoints 1ndi-
cates a damaged tip.

5. A method of automatically detecting a setpoint useful 1n
controlling a tip-to-sample distance of an atomic force micro-
scope (AFM), comprising:

a) adjusting a tip of the AFM relative to a sample to estab-

lish an 1itial tip-to-sample distance;

b) enabling a feedback mechanism:;

¢) adjusting a phase setpoint of the feedback mechanism,

thereby causing a reduction of the tip-to-sample dis-
tance;

d) monitoring at least a phase signal provided by a detector;
¢) repeating steps c¢)-d) until at least one of: an abrupt

change or approaching abrupt change in the phase signal
provided by the detector 1s detected;

1) recording a phase setpoint corresponding to the detected
change 1n the phase signal for subsequent use i operat-
ing the AFM; and

g) repeating steps a)-1) using ditlerent AFM probe tips to
generate a table of setpoints useful in controlling a tip-

to-sample distance ol an atomic force microscope
(AFM) using the different probe tips.

6. The method of claim 5, wherein the method 1s performed
as part of a factory calibration routine prior to shipping the
AFM to a customer.
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